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Proper mitotic progression is crucial for maintenance of genomic integrity in proliferating cells and is
regulated through an intricate series of events, including protein phosphorylation governed by a complex
network of protein kinases. One kinase family implicated in the regulation of mitotic progression is protein
kinase CK2, a small family of enzymes that is overexpressed in cancer and induces transformation in mice and
cultured fibroblasts. CK2q, one isoform of the catalytic subunits of CK2, is maximally phosphorylated at four
sites in nocodazole-treated cells. To investigate the effects of CK2a phosphorylation on mitotic progression, we
generated phosphospecific antibodies against its mitotic phosphorylation sites. In U20S cells released from
S-phase arrest, these antibodies reveal that CK2« is most highly phosphorylated in prophase and metaphase.
Phosphorylation gradually decreases during anaphase and becomes undetectable during telophase and cyto-
kinesis. Stable expression of phosphomimetic CK2a (CK2a-4D, CK2a-4E) results in aberrant centrosome
amplification and chromosomal segregation defects and loss of mitotic cells through mitotic catastrophe.
Conversely, cells expressing nonphosphorylatable CK2a (CK2-4A) show a decreased ability to arrest in
mitosis following nocodazole treatment, suggesting involvement in the spindle assembly checkpoint. Collec-
tively, these studies indicate that reversible phosphorylation of CK2«a requires precise regulation to allow

proper mitotic progression.

Proper progression through mitosis is mediated by a com-
plex web of signaling pathways that ensure faithful division of
genetic material. Deregulation of these pathways can lead to
aneuploidy and genetic instability, resulting in tumorigenesis
(16). Protein kinase CK2 is a pleiotropic serine/threonine ki-
nase that is upregulated in a variety of human cancers (re-
viewed in reference 13) and possesses oncogenic properties in
mice and fibroblast cultures (20, 33). The kinase is generally
found as a tetramer with two catalytic subunits (CK2a and/or
CK2a') and two regulatory subunits (CK2p) (12). CK2 is in-
volved in signaling pathways controlling multiple cellular pro-
cesses, including cell cycle control and cell survival (reviewed
in reference 21). In these pathways, CK2 has a multitude of
different interacting proteins and substrates, and subsequently,
information on the precise regulation of CK2 has been elusive.

Expression of CK2 is essential for viability in both yeast and
slime mold (17, 34) and is required for progression through the
G,/S and G,/M transitions of the yeast cell cycle (14, 34). In
mammalian cells, there are requirements for CK2 at the G/
G4, G,/S, and G,/M phases of the cell cycle (25, 26, 35). CK2a,
one of the catalytic subunits of CK2, contains four proline-
directed phosphorylation sites (T344, T360, S362, and S370)
that are phosphorylated in nocodazole-arrested cells (4, 24).
The reactions are catalyzed in vitro by the mitotic cyclin-de-
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pendent kinase Cdk1, which is believed to be the kinase re-
sponsible in cells (4). These phosphorylation sites are located
on the extended C-terminal tail of CK2a, which is not present
in CK2a' (29). This difference between isoforms suggests some
functional specialization for the catalytic subunits of CK2. In-
terestingly, while mice lacking CK2a' are viable (44), CK2«a
knockout results in embryonic lethality (27). The CK2a C-
terminal phosphorylation sites are conserved in birds and
mammals, further supporting the idea that they play an impor-
tant role in regulating the function of CK2 (29).

To examine the phosphorylation of CK2a in mitosis, we
generated phosphospecific antibodies against its phosphoryla-
tion sites. We show that CK2a is phosphorylated in mitotic
cells. This phosphorylation occurs mainly in prophase and
metaphase, decreases through anaphase, and is absent in telo-
phase and cytokinesis. To gain insight into the function of
CK2a phosphorylation in mitosis, cell lines with tetracycline-
regulated expression of phosphorylation site mutant forms of
CK2a with either phosphomimetic glutamic acid or aspartic
acid substitutions (CK2a-4D, CK2a-4E) or with nonphosphor-
ylatable alanine substitutions (CK2a-4A) were examined. Ex-
pression of phosphomimetic mutant CK2a proteins resulted in
aberrant centrosome amplification, chromosomal segrega-
tion defects, and loss of mitotic cells through mitotic catas-
trophe. Nonphosphorylatable CK2a expression did not
show these effects, but cells showed a decreased ability to
arrest following spindle insult by nocodazole treatment.
Taken together, these results show that proper temporal
regulation of CK2a phosphorylation is required for proper
mitotic progression and highlight a role for CK2a phosphor-
ylation in the maintenance of spindle integrity and control
of cell division.
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MATERIALS AND METHODS

Antibodies. Polyclonal antibodies against phosphorylated CK2a were raised
in New Zealand White rabbits against phosphorylated peptides (pT344, CA
NSSVPpTSGG; pT360/pS362, CISSVPpTPpSPL; pS370, CRRRLAGpSPVI)
coupled to keyhole limpet hemocyanin by Covance Research Products, Inc.
(Denver, PA). Nonphosphospecific antibodies were immunodepleted from
the antisera on SulfoLink resin (Pierce) conjugated to nonphosphorylated
versions of the above peptides. Phosphospecific antibodies were isolated from
the resultant flowthrough by affinity purification with phosphorylated peptides.
Polyclonal anti-CK2a, anti-CK2, and anti-Cdk1 antisera have been previously
described (22). Monoclonal antibody 12CA35, which reacts against the hemag-
glutinin (HA) epitope, was purchased from Roche. The hybridoma producing
the 9E10 monoclonal antibody directed against the Myc epitope, developed by
J. M. Bishop, was obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the National Institute of Child Health and
Human Development and maintained by the Department of Biological Sciences,
University of Iowa, Iowa City. CK2«, phospho-histone H3 (serine 10), cyclin B1,
and cytochrome ¢ antibodies were purchased from Santa Cruz Biotechnology.
Pericentrin antibodies were purchased from AbCam. Monoclonal antibodies
against B-tubulin were a generous gift from Lina Dagnino (Department of
Pharmacology, University of Western Ontario). Goat anti-rabbit antibody
(GAR)- or goat anti-mouse antibody-horseradish peroxidase secondary anti-
bodies were purchased from Bio-Rad. Fluorescein isothiocyanate (FITC)-GAR
was from Sigma, and Texas Red-GAR and Alexa Fluor 488-goat anti-mouse
antibody were from Molecular Probes. Fluorescent secondary antibodies for
immunoblot detection were purchased from LI-COR Biosciences.

Plasmid constructs. The CK2a-HA/Myc-CK2p bidirectional plasmid in pBI
(Clontech) and phosphorylation site mutant CK2« proteins in pR¢/CMV (In-
vitrogen) have been previously described (31, 42). To introduce the CK2a phos-
phorylation site mutations into the tetracycline-responsive, bidirectional pBI
vector, the pRc/CMV vectors were cut with restriction endonucleases BstBI and
BlpI (New England BioLabs) to release a 1,040-bp insert containing the muta-
tions at the C-terminal phosphorylation sites. The CK2a-HA/Myc-CK28 bidi-
rectional plasmid was digested in the same manner, and the mutated inserts were
ligated into the wild-type plasmid, thus replacing a wild-type CK2«a C terminus
with a mutant C terminus. All plasmids were verified by DNA sequencing.

Generation and maintenance of cell lines. UTAG6 cells were derived from the
human osteosarcoma U20S cell line and express the tetracycline transactivator
(tTA) fusion protein (a generous gift from Christoph Englert, Forschungszen-
trum Karlsruhe, Karlsruhe, Germany) (9). CK2a-HA- and CK2a-KD-HA (ki-
nase dead)-expressing cell lines have been previously described (42). Cell lines
with tetracycline-regulated expression of HA-tagged phosphorylation site mutant
CK2a proteins were generated by cotransfection of CK2a-4D-HA, CK2a-4E-
HA, or CK2a-4A-HA with plasmid pTK-hyg (Clontech) in the presence of
tetracycline. Drug selection with 500 pg/ml hygromycin and 460 wg/ml G418
(Life Technologies Inc.) was started at 48 h after transfection. Once stably
transfected colonies had formed, they were picked and transferred to 96-well
dishes. Colonies were expanded and tested for tight inducible expression of
phosphorylation site mutant CK2a proteins by Western blot analysis. Cells were
maintained in Dulbecco’s modified Eagle medium (Sigma) with 10% fetal calf
serum (Invitrogen), antibiotic supplements (0.1 mg/ml streptomycin and 100
U/ml penicillin; Life Technologies Inc.), and 1.5 pg/ml tetracycline (Sigma). To
achieve cell synchronization in S phase, cells were treated by double-thymidine
block with two 16-h treatments with 2 mM thymidine (Sigma) separated by a 10-h
incubation without thymidine. To achieve cell synchronization in G,/M, cells
were released from S-phase arrest for 8 h and then treated with 40 ng/ml
nocodazole (Sigma) for 18 h.

Cell lysis and immunoprecipitation. Cells were lysed on ice in NP-40 lysis
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 1 pg/ml pepstatin A, 1
png/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 4 mM
Na,VO,). The lysates were sonicated on ice in three 10-s bursts and then
centrifuged in a Beckman TL100.2 rotor at 55,000 rpm for 15 min. For immu-
noprecipitation, 1 mg of total cell lysate was incubated with 2 pl of 12CA5
anti-HA antibody or 5 pl of anti-Cdk1 antiserum bound to protein A-Sepharose
for 1 h at 4°C. Beads were washed four times in lysis buffer, and proteins were
eluted in boiling sample buffer.

Immunoblot analysis. The protein concentration of each sample was deter-
mined with the BCA protein assay (Pierce). Equal amounts of protein lysate
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis by
the method of Laemmli (19). Proteins were transferred to polyvinylidene diflu-
oride membranes (Boehringer Mannheim) for 1 h at 15 V and 0.3 A with the
Trans-Blot semidry electrophoretic transfer apparatus (Bio-Rad). Immunoblot-
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ting was performed by blocking for 1 h in 5% bovine serum albumin in Tris-
buffered saline-Triton X-100, followed by overnight incubation with the primary
antibody. Immune complexes were detected either by incubation with horserad-
ish peroxidase-linked secondary antibodies and detection by chemiluminescence
or by incubation with fluorophore-linked secondary antibodies and detection on
a LI-COR near-infrared fluorescent scanner and Odyssey V3.0 software.

Kinase assays. CK2 activity was measured in whole-cell extracts with a syn-
thetic peptide substrate (RRRDDDSDDD) (23). Assays were performed for 5
or 10 min at 30°C in a final reaction mixture volume of 30 .l containing 50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM MgCl,, 1 mM dithiothreitol, 0.1 mM
ATP (specific activity, 500 to 1,000 cpm/pmol; ICN), and 0.1 mM substrate
peptide. Reactions were initiated by the addition of 2 or 4 wg of cell extract. The
reactions were terminated by spotting 10 pl of the reaction mixture onto P81
phosphocellulose paper. Samples were washed four times in 1% phosphoric acid
and once in 95% ethanol. Activity was detected with a Beckman LS 5801 scin-
tillation counter. Cdk1 activity was measured with histone H1 (Calbiochem) as
described in reference 22.

Growth curve construction. CK2a-HA-, CK2a-4D-HA-, CK2a-4E-HA-, and
CK2a-4A-HA-expressing cells were seeded into six-well dishes at a starting
density of 20,000 cells per well. Protein expression was induced, and complete
medium was added in the presence or absence of 1.5 pg/ml tetracycline. The
medium was changed every 3 days. On days 0, 1, 3, 5, and 7, the cells were
harvested with 5 mM EDTA in phosphate-buffered saline (PBS) and counted
with a hemocytometer. Trypan blue (Gibco) was used to distinguish viable from
nonviable cells.

Cell cycle analysis. CK2a-HA-, CK2a-4D-HA-, CK2a-4E-HA-, and CK2a-
4A-HA-expressing cells were arrested in S phase by double-thymidine block.
Upon release from the thymidine block, protein expression was induced and
complete medium was added to the cells in the presence or absence of 1.5 pg/ml
tetracycline. For 24 h, floating and adherent cells were collected every 2 h with
5 mM EDTA in PBS and fixed in 70% ethanol overnight at —20°C. Cells were
then washed with PBS and stained with propidium iodide (PI) staining solution
(0.1% sodium citrate, 0.1% Triton X-100, 50 pg/ml PI [Sigma], 0.1 mg/ml
DNase-free RNase A [Sigma]) for 20 min at 37°C. Nocodazole-arrested cells
were fixed and stained as described above. Cells stained with phospho-histone
H3 were harvested 12 h after thymidine release and induction and then fixed as
described above. After washes with PBS, PBS-0.5% Triton X-100, and PBS-5%
bovine serum albumin (PBSBA), cells were incubated for 2 h with 1 pg/ml
phospho-histone H3 in PBSBA. Positive cells were detected with GAR-FITC
(1:200; Sigma) in PBSBA. Cells were then counterstained with PI as described
above. Cells were analyzed on a Becton Dickinson fluorescence-activated cell
sorter (FACScan) with Cell Quest Pro software (Becton Dickinson). In each
sample, 20,000 events in a specific gated region were counted. Data analysis was
carried out with FlowJo software (Tree Star).

Immuneostaining and microscopy. Cells used for immunostaining were grown
on poly-L-lysine-coated coverslips (Bio-Rad). For mitochondrial staining, cells
were incubated for 30 min with 200 nM MitoTracker Deep Red 633 FM prior to
fixation. Following fixation with 50:50 methanol-acetone, coverslips were incu-
bated in 0.1% glycine in PBS and blocked in 5% FBS in PBS. Primary and
secondary antibody incubations were performed at 37°C for 1 h and 30 min,
respectively. After washing with PBS, DNA was stained with 4',6'-diamidino-2-
phenylindole (DAPI) and coverslips were mounted onto microscope slides with
AirVol. Cells were visualized on a Zeiss META 510 LSM confocal microscope.
Z-series images with a thickness of 0.6 wm were captured and processed with
Zeiss software and Adobe Photoshop.

Trypan blue viability assays. Cells were arrested by thymidine block, and
protein expression was induced as described above. Twenty-four hours after
induction, floating and adherent cells were collected with 5 mM EDTA in PBS
and stained with 0.4% trypan blue stain (Gibco). Total and nonviable cells were
counted with a hemocytometer.

RESULTS

Generation and characterization of phosphospecific CK2a
antibodies. To investigate mitotic phosphorylation of CK2a,
we generated polyclonal antibodies targeting the four C-ter-
minal phosphorylation sites. Three antibodies were made, tar-
geting the T344, T360/S362, and S370 phosphorylation sites,
respectively. Following affinity purification, the antibodies
were tested for phosphospecificity. Phosphorylation of CK2«
can be detected after gel electrophoresis by its slight mobility
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FIG. 1. Generation of phosphospecific CK2« antibodies. (A) Lysates from cells arrested in S phase by a double-thymidine block or in mitosis
by nocodazole treatment were immunoblotted with phosphospecific CK2« antibodies targeting phosphorylated T344, T360/S362, or S370. Total
CK2a was detected with a CK2a antibody. (B) Lysates from nocodazole-arrested cells were left untreated or dephosphorylated with N-phosphatase
(N\-PPase) before immunoblotting as in panel A. (C) Nocodazole-arrested cells were fixed and immunostained with phosphospecific CK2a
antibodies. DNA was stained with DAPI. Mitotic cells are recognizable by the condensation of chromosomes. Magnification, X40. (D) Phos-
phospecific CK2a antibodies were preincubated with phosphorylated peptides corresponding to the appropriate phosphorylation site before
immunostaining of nocodazole-arrested cells as in panel C. DNA is stained with DAPI. Magnification, X20. P-CK2a, phosphorylated CK2a.

decrease (Fig. 1A, CK2a immunoblot). Lysates from cells ar-
rested in S phase by a thymidine block show no mobility shift
due to phosphorylation and, accordingly, show no reactivity
when immunoblotted with phosphospecific CK2a antibodies
(Fig. 1A, thymidine lanes). Lysates from cells arrested in mi-
tosis by nocodazole treatment show robust reactivity toward
phosphospecific CK2a antibodies at a position corresponding
to the phosphorylated portion of total CK2« (Fig. 1A, nocoda-
zole lanes). Additionally, all three phosphospecific antibodies
show no cross-reactivity to unphosphorylated CK2a. To con-
firm that these antibodies are specifically detecting phosphor-
ylation, we next immunoblotted lysates from nocodazole-arrested
cells after dephosphorylation with A-phosphatase. As shown in
Fig. 1B, treatment with A-phosphatase resulted in loss of the
mobility shift associated with CK2a phosphorylation and loss
of reactivity to phosphospecific CK2a antibodies. To test the
ability of the phosphospecific antibodies to detect phosphory-
lated CK2« in cells, nocodazole-arrested cells were fixed and
immunostained with phosphospecific CK2« antibodies. DNA
was stained with DAPI. All three antibodies exclusively stain
mitotic cells, recognized by the condensed nature of the chro-

mosomes (Fig. 1C). The signal is specific to phosphorylated
CK2aq, as preincubation of the antibodies with the phosphory-
lated peptides used in antibody generation completely blocks
detection by immunostaining (Fig. 1D). To test for cross-reac-
tivity among the three antibodies, we also preincubated each
antibody with peptides targeting the other phosphorylation
sites. When peptides targeted the same phosphorylation site as
the antibody, antibody reactivity was blocked, but peptides
targeting other phosphorylation sites not targeted by a partic-
ular antibody did not inhibit antibody reactivity (see Fig. S1 in
the supplemental material).

CK2a« is phosphorylated in prophase and metaphase and
dephosphorylated during anaphase. While CK2a has long
been known to be maximally phosphorylated in nocodazole-
treated cells on the basis of its shift in electrophoretic mobility
(4, 24), phosphospecific antibodies provide new opportunities
to directly evaluate the extent of phosphorylation as mitosis
progresses in a nonarrested cell. To test whether CK2a phos-
phorylation occurs in all mitotic cells, we compared the pro-
portion of CK2a phosphorylated in cells undergoing normal
mitotic progression versus those arrested in mitosis by nocoda-
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FIG. 2. CK2a phosphorylation occurs in mitotic cells during prophase and metaphase. (A) U20S cells were synchronized in S phase by a
double-thymidine block and released into mitosis for 9, 12, or 15 h before harvest. Lysates were immunoblotted with phosphospecific CK2a
antibody P-S370. Total CK2« is also shown. Mitotic cells were detected with a phospho-histone H3 (Ser 10) antibody. (B) U20S cells were
synchronized as in panel A, fixed 12 h after thymidine release, and immunostained with antibodies against phosphorylated CK2a (P-CK2a) (red)
and total CK2a (green). DNA was stained with DAPI. Magnification, X63. (C) U20S cells were arrested in mitosis by nocodazole treatment,
washed, and harvested at 20-min intervals after the removal of nocodazole. Lysates were immunoblotted with antibodies against phosphorylated
CK2aq, total CK2aq, cyclin Bl to detect the onset of anaphase, and phospho-histone H3 (serine 10) to detect mitotic cells. (D) Cells were arrested
in mitosis as in panel C and plated on slides following release. After fixation and DAPI staining, cells were scored for mitotic stage based on DNA
morphology. At least 100 cells were scored for each time point in each of three replicate experiments.

zole treatment. U20S cells were arrested in S phase by a
double-thymidine block and released into the cell cycle for 9,
12, or 15 h. At these time points, mitotic cells were collected by
mitotic shake off and analyzed for CK2« phosphorylation with
the phospho-S370 antibody (Fig. 2A). When equal amounts of
cell lysates were subjected to Western blot analysis, CK2a was
found to be phosphorylated in mitotic cells, albeit at lower
levels than in cells treated with nocodazole. This result was also
obtained with a total CK2a antibody, with mitotic cells exhib-
iting the characteristic shift seen upon phosphorylation. Phos-
pho-histone H3 (serine 10) was used as a marker of mitosis.
We next examined whether CK2a phosphorylation was oc-
curring throughout mitosis. To achieve this, U20S cells were
arrested in S phase by double thymidine release, released from
the double-thymidine block for 12 h, and then fixed for immu-
nostaining with phosphospecific and total CK2« antibodies.
Staining with CK2a revealed granular staining in all stages of
mitosis, the significance of which remains to be investigated.
Notably, as shown in Fig. 2B, cells in prophase and metaphase
show robust phospho-CK2« staining, which decreases rapidly
in anaphase and is undetectable in telophase and cytokinesis.
To confirm this result, cells were arrested in prophase by no-

codazole treatment to enable tracking of the phosphorylation
in a synchronized population. After removal of nocodazole,
cells were harvested at 20-min intervals to track CK2« phos-
phorylation through mitosis by Western blot analysis with
phosphospecific CK2a antibodies (Fig. 2C). Phosphorylation
was initially strong and decreased after 80 min of progression.
This result is also shown with a CK2« antibody, with mitotic
cells exhibiting the characteristic shift seen upon CK2a phos-
phorylation. This correlated well with the onset of anaphase, as
cyclin B expression decreases just prior to the onset of CK2«
dephosphorylation. Histone H3, which remains phosphory-
lated at serine 10 until the completion of cytokinesis (7), served
as a marker for late mitosis. To determine the average mitotic
stage of cells at each time point, cells were incubated on cov-
erslips after release from nocodazole arrest and sorted into
mitotic stages based on DNA morphology (Fig. 2D). The ma-
jority of the cells remained in prophase and metaphase until
the 60-min time point and progressed into anaphase at 80 to
100 min after release. From these results, we concluded that
CK2a is phosphorylated in mitotic cells, but at lower levels
than in nocodazole-arrested cells. This phosphorylation is tem-
porally regulated, with maximal phosphorylation in prophase
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terminus. (B) HA-tagged CK2a mutant proteins were stably expressed from a tetracycline-regulated bidirectional vector along with Myc-tagged
CK2B. MCSI/IL, multiple cloning sites I and II; CMV, cytomegalovirus promoter; TRE, tetracycline-responsive element. (C) Inducible expression
of tetrameric complexes containing CK2a-HA, CK2a-4D-HA, CK2a-4E-HA, CK2a-4A-HA, and Myc-CK2p. Cells were incubated for 24 h in the
presence (+) or absence (—) of tetracycline. Equal amounts of lysate were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and subjected to immunoblot analysis with antibodies targeted against CK2a and CK2B or immunoprecipitated (IP) with a 12CAS5 (anti-HA)
antibody and immunoblotted (IB) with an anti-Myc antibody. (D) Lysates were prepared from cells with tetracycline-regulated expression of
CK2a-HA, CK2a-KD-HA (kinase dead), CK2a-4D-HA, CK2a-4E-HA, and CK2a-4A-HA cultured in the presence (+) or absence (—) of
tetracycline (Tet) for 24 h. Lysates were incubated with a synthetic peptide substrate of CK2 (RRRDDDSDDD) and [y-**P]ATP. Kinase activities
are the average of four determinations. The error bars indicate 1 standard deviation from the mean.

and metaphase and dephosphorylation occurring during
anaphase.

Characterization of cell lines with inducible expression of
phosphorylation site mutant CK2« proteins. The above-de-
scribed results indicate that temporal regulation of CK2a
phosphorylation may be important in mitotic progression. To
study the role of the phosphorylation of CK2a in cell cycle
progression, all four proline-directed phosphorylation sites
unique to the CK2a C terminus (T344, T360, S362, and S370)
were mutated to either aspartic acid (CK2a-4D) or glutamic
acid (CK2a-4E) in order to mimic the phosphorylated state.
Additionally, the phosphorylation sites were mutated to ala-
nine (CK2a-4A) in order to generate a nonphosphorylatable
form of CK2a (Fig. 3A). UTAG cells with stable, tetracycline-
regulated expression of phosphorylation site mutant CK2a
proteins were generated with a bidirectional plasmid express-
ing both HA-tagged phosphorylation site mutant CK2a pro-
tein and Myc-tagged CK2@3 (Fig. 3B). This bidirectional system
has the advantage of maintaining the stoichiometry of the CK2

tetramer, and tetracycline regulation ensures tight control over
expression of the mutant proteins. Myc-CK2p coimmunopre-
cipitates with CK2a-HA, indicating that these exogenously ex-
pressed proteins can interact in the cell (Fig. 3C). However, it
is possible that these exogenous CK2 subunits also form com-
plexes with endogenous subunits to form mixed CK2 tetra-
mers. In cell lysates, the presence of phosphorylation site mu-
tant CK2a proteins caused an increase in kinase activity
comparable to the increase seen with wild-type CK2a-HA.
Thus, these phosphorylation site mutations do not appear to
affect the enzymatic activity of CK2a (Fig. 3D).

Expression of phosphorylation site mutant CK2« proteins
results in decreased proliferation. To determine if mutation of
the four conserved CK2a phosphorylation sites had any effect
on cell proliferation, we analyzed the growth of cells expressing
CK2a-HA, CK2a-4D-HA, CK2a-4E-HA, or CK2a-4A-HA in
combination with Myc-CK2p. Protein expression was induced
by removal of tetracycline from the culture medium, and cells
were counted over a 7-day period to examine proliferative
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FIG. 4. Cell proliferation profiles of inducible wild-type and mutant CK2« cell lines show decreased growth with phosphorylation site mutant
protein expression. Cells expressing CK2a-HA (A), CK2a-4A-HA (B), CK2a-4D-HA (C), and CK2a-4E-HA (D) were seeded into six-well dishes
at 2 X 10*well and cultured in the presence (+) or absence (—) of 1.5 ug/ul tetracycline (Tet) at day 0. The growth medium was changed every
3 days. Cell counts were obtained in triplicate for a period of 7 days. The results represent the average of three independent experiments. The error
bars indicate 1 standard deviation from the mean. An asterisk indicates a significant difference between samples with and without tetracycline (P <

0.05).

capacity compared to that of cells grown in the absence of
CK2a overexpression. Cells expressing wild-type CK2o-HA
showed a slight decrease in proliferation over the 7-day period
(Fig. 4A), consistent with previous results (42). In the three
phosphorylation site mutant cell lines, the proliferation defects
were more marked than in their nonexpressing counterparts
(Fig. 4B, C, and D). To ensure that the observed growth de-
fects were not artifacts from random integration events in the
construction of the stable cell lines, growth curves were also
prepared with additional cell lines expressing each mutant pro-
tein. These cell lines also exhibited decreased growth upon the
expression of mutant CK2a proteins (see Fig. S2 in the sup-
plemental material). The decreased proliferation observed
upon the expression of phosphorylation site mutant CK2a
proteins suggests that CK2a phosphorylation does have a func-
tional effect on cellular proliferation.

As expression of phosphorylation site mutant CK2a proteins
caused varied decreases in proliferation, we next sought to
determine if any specific point in the cell cycle was perturbed
upon expression. Cells expressing CK2a-HA, CK2a-4D-HA,
CK2a-4E-HA, and CK2a-4A-HA were grown in the presence
or absence of tetracycline and arrested in S phase by a double-
thymidine block. Upon release from the double-thymidine
block, mutant CK2a protein expression was induced (Fig. 5A).
Cells were fixed at 2-h intervals for 24 h and analyzed by flow
cytometry. Samples from each stable cell line without protein
induction showed similar cell cycle progression profiles, with a
maximum amount of cells with 4N DNA content 8 to 12 h after
release from the thymidine block (Fig. 5B). Profiles of cells
expressing phosphomimetic mutant CK22«a proteins showed a
maximum amount of cells with 4N DNA content at slightly

earlier time points, and all three phosphorylation site mutants
showed a marked decrease in cells with 4N DNA content. The
CK2a-4A-HA-expressing cells show a modest decrease in mi-
totic cells at the 10- and 12-h time points, while the CK2a-4D-
HA- and CK2a-4E-HA-expressing cells show more marked
decreases in mitotic cells from the 10-h time point onward.
This indicates that expression of phosphorylation site mutant
CK2a proteins may affect the timing of transit to G,/M and
lead to loss of cells in mitosis.

The loss of mitotic cells observed could have several expla-
nations, including cell cycle arrest in either S phase or G,/M or
loss of cells due to cell death. When cells were induced for
protein expression 6 h before release from a thymidine block,
there were no differences in cell cycle profiles compared to
those of cells induced at the time of release (see Fig. S3 in the
supplemental material). This indicates that expression of phos-
phorylation site mutant CK2a proteins does not affect S-phase
entry or progression. To investigate whether the loss of mitotic
cells is due to G, arrest, we employed phospho-histone H3
(serine 10) staining to distinguish between G, cells and mitotic
cells (43). Cells were released from a double-thymidine block,
and protein expression was induced. At the 12-h time point,
cells were fixed and analyzed for phospho-histone H3 positivity
and DNA content. Representative histograms are shown in
Fig. 5C. The cell cycle distribution of each cell line, averaged
from three independent experiments, is shown in Table 1.
Recapitulating the results shown in Fig. 5B, expression of
CK2a-HA had no effect on the percentage of cells in mitosis.
Compared to the total percentage of cells in G,/M, expression
of CK2a-4D-HA and CK2a-4E-HA resulted in an almost com-
plete loss of mitotic cells (Fig. SD). The decrease in mitotic
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TABLE 1. Cell cycle distribution of cells expressing
phosphorylation site mutant CK2a proteins 12 h
after release from a thymidine block

% of cells®
Cell line and treatment
Sub-G, G, S G, MP

CK2a-HA

Plus tetracycline 0.64 32.04 13.77 48.79 4.01

Minus tetracycline 0.59 29.89 15.16 49.60 4.13
CK2a-4D-HA

Plus tetracycline 0.36 28.91 17.97 46.79 4.85

Minus tetracycline 7.92 33.21 24.98 32.27 0.97
CK2a-4E-HA

Plus tetracycline 0.44 31.71 15.47 44.08 7.26

Minus tetracycline 7.85 33.05 22.77 34.40 1.23
CK2a-4A-HA

Plus tetracycline 0.41 31.22 16.36 44.67 6.80

Minus tetracycline 0.35 31.29 15.45 46.59 591

¢ Cells with 4N DNA content negative for phospho-histone H3 staining.

b Cells with 4N DNA content positive for phospho-histone H3 staining.

¢ Boldface indicates significant differences between samples with and without
tetracycline (P < 0.01).

cells did not accompany a corresponding increase in G, cells,
as would be expected if the loss of mitotic cells were due to a
G,/M arrest. In fact, the amount of G, cells also significantly
decreases upon the expression of CK2a-4D-HA or CK2a-
4E-HA (Table 1). Interestingly, the CK2a-4D-HA and CK2a-
4E-HA cell lines showed an accumulation of cells with sub-G,
levels of DNA upon the expression of phosphomimetic CK2a
(Fig. SE). No accumulation of sub-G; cells was observed with
either CK2a-HA or CK2a-4A-HA expression. Therefore, we
conclude that the loss of mitotic cells observed upon expres-
sion of the phosphomimetic CK2a forms is not due to cell cycle
arrest in S phase or G, phase but instead may be attributed to
cell death.

Phosphomimetic CK2« expression causes cell death by mi-
totic catastrophe. Cell cycle analysis of cells expressing phos-
phomimetic mutant CK2a proteins showed a dramatic in-
crease in cells with sub-G,; amounts of DNA, indicating cell
death. To quantitate the extent of cell death upon phospho-
mimetic CK2a expression, we arrested cells in S phase by
double-thymidine block and induced protein expression upon
release into the cell cycle (Fig. 6A). Cells were allowed to
progress through mitosis and were stained 24 h after thymidine
release with trypan blue. In this assay, viable cells remain
unstained while nonviable cells are stained dark blue. While
the wild-type CK2a-HA cell line and the nonphosphorylatable
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CK2a-4A-HA cell line showed no decrease in the amount of
viable cells upon CK2a expression, the CK2a-4D-HA and
CK2a-4E-HA cell lines showed significant decreases in viabil-
ity upon protein expression (Fig. 6B). To ensure that the ob-
served cell death was related to cell cycle progression and was
not a direct result of phosphomimetic CK2a expression, cells
were induced for protein expression for 24 h in a continuous
thymidine-induced S-phase arrest. As shown in Fig. 6B, there
was little evidence of cell death in phosphomimetic CK2a-
expressing cells arrested in S phase. Therefore, the cell death
observed in the phosphomimetic CK2a-expressing cell lines
requires both protein expression and progression through the
cell cycle. Since the cell death observed was cell cycle depen-
dent and seemed to involve the specific loss of mitotic cells, we
hypothesized that the loss of mitotic cells is due to induction of
mitotic catastrophe. To confirm that cells expressing CK2a-
4D-HA or CK2a-4E-HA are dying during the process of cell
division, we employed immunostaining to detect cells that are
simultaneously mitotic and apoptotic. To identify mitotic cells,
we immunostained cells with a phospho-histone H3 (serine 10)
antibody. We used cytochrome ¢ release from the mitochon-
dria as a marker of early apoptosis, combining immunostaining
with a cytochrome ¢ antibody with MitoTracker Deep Red 633
FM staining to visualize the mitochondria. A representative
cell in the process of both mitosis and apoptosis is shown in
Fig. 6C. As shown in Fig. 6D, expression of CK2a-4D-HA or
CK2a-4E-HA caused a large increase in mitotic catastrophe
over baseline levels. Expression of neither CK2a-HA nor
CK2a-4A-HA caused any increase in the amount of mitotic
catastrophe observed. From this we conclude that expression
of phosphomimetic mutant CK2a proteins results in cell death
by mitotic catastrophe.

Mitotic defects induced by phosphomimetic CK2«a expres-
sion include aberrant spindle formation and missegregation of
chromosomes. Expression of phosphomimetic mutant CK2a
proteins caused a dramatic increase in cell death by mitotic
catastrophe. To further examine the mitotic defects caused by
expression of CK2a-4D-HA or CK2a-4E-HA, cells were ar-
rested at S phase, released into mitosis, and induced for ex-
pression of phosphorylation site mutant CK2« proteins (Fig.
7A). Cells were then fixed and immunostained with antibodies
against B-tubulin and pericentrin to visualize the mitotic spin-
dle and the centrosomes, respectively (5). Interestingly, cells
expressing phosphomimetic forms of CK2a show multiple cen-
trosomes, resulting in the formation of pseudobipolar, tripolar,
and multipolar cells (Fig. 7B). The aberrant numbers of cen-
trosomes in these cells appear to be due to centrosome frag-
mentation and not overduplication, as cells expressing

FIG. 5. Expression of phosphomimetic mutant CK2a proteins leads to loss of mitotic cells. (A) CK2a-HA, CK2a-4D-HA, CK2a-4E-HA, and
CK2a-4A-HA cells were synchronized with a double-thymidine block (TB) and then cultured in the presence (+ Tet) or absence (— Tet) of
tetracycline for 24 h. (B) Cell cycle profiles of synchronized CK2a cell lines. The 0-h time point was designated the time immediately after the
double-thymidine block. Cells were harvested and fixed at 2-h intervals, stained with PI, and analyzed by flow cytometry. The percentage of cells
in G,/M was taken from the percentage of cells with 4N DNA content. (C) Phospho-histone H3 (serine 10) staining of cells 12 h after release from
a double-thymidine block and induction of phosphorylation site mutant CK2a proteins. Cells were fixed and stained with phospho-histone H3
(serine 10) antibody, an FITC-GAR secondary antibody, and PI. Samples were analyzed by flow cytometry. (D) Graphical representation of the
percentage of G,/M cells in mitosis 12 h after release from a double-thymidine block. (E) Graphical representation of the amount of cells with
sub-G, levels of DNA 12 h after release from a double-thymidine block. In panels D and E, significant differences between cells of each line in
the presence or absence of tetracycline are denoted by asterisks (P > 0.05 by pairwise analysis of variance).
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CK2a-4D-HA or CK2a-4E-HA display proper numbers of centro-
somes in S phase (data not shown). Even among the proportion
of phosphomimetic CK2a-4D-HA- and CK2a-4E-HA-expressing
cells that displayed two centrosomes, we noted abnormalities in
chromosomal segregation, including chromosomes that did not
seem to line up properly at the metaphase plate and lagging
chromosomes during separation in anaphase. When these varied
phenotypes were quantified, approximately half of the cells ex-
pressing CK2a-4D-HA or CK2a-4E-HA showed defects in chro-
mosomal segregation (Fig. 7C). The dramatic phenotypes ob-
served upon expression of phosphomimetic CK2a indicate that
CK2a phosphorylation may be involved in the maintenance of
centrosome integrity and proper chromosomal segregation.

Nonphosphorylatable CK2a expression abrogates the SAC.
Phosphorylation of CK2a was originally identified in cells
treated with nocodazole and therefore with an activated spin-
dle assembly checkpoint (SAC) (36). Because of this, we ex-
amined whether disruption of normal CK2a phosphorylation
would affect the ability of cells to arrest in mitosis after micro-
tubule disruption by nocodazole treatment. Cells were treated
with nocodazole in the presence or absence of phosphorylation
site mutant CK2a protein expression. After fixation and PI
staining, cell cycle analysis was employed. While expression of
wild-type or phosphomimetic CK2a had no effect on the ability
of the cells to arrest in mitosis, we observed a significant num-
ber of cells expressing CK2a-4A-HA that lost the ability to
arrest after spindle damage, resulting in a decrease in G,/M
cells and increases in both sub-G, and G, cells (Fig. 8A). The
average percentages of cells of each line in each stage of the
cell cycle are shown in Table 2. To confirm the loss of G,/M
arrest in cells expressing nonphosphorylatable CK2a, Cdkl
activity was investigated (41). Upon immunoprecipitation of
Cdkl, cells expressing CK2a-4A-HA showed both decreased
expression of cyclin B1 and decreased phosphorylation of his-
tone H1, indicating that these cells have an abrogated SAC
(Fig. 8B). The average Cdkl1 activity from three independent
experiments is shown in Fig. 8C. We conclude that proper
phosphorylation of CK2a is required to maintain the SAC in
response to spindle damage.

DISCUSSION

In this study, we have investigated the role of CK2a phos-
phorylation in mitosis. Our data indicate that precise regula-
tion of these phosphorylation events is required for proper
mitotic progression. Through generation of phosphospecific
antibodies against four phosphorylation sites known to be
phosphorylated in nocodazole-arrested cells (4, 24), we show
that these sites are also phosphorylated in cells progressing
through normal mitosis. Mitotic phosphorylation is strongest
during prophase and metaphase and decreases during ana-
phase, becoming undetectable by telophase and cytokinesis.
The temporal pattern of phosphorylation observed matches
the temporal activation of Cdkl, the kinase believed to be
responsible for these phosphorylation events (24).

We next sought to determine the function of CK2a phos-
phorylation by observation of phenotypes associated with the
expression of either phosphomimetic mutant CK2a proteins
(CK2a-4D-HA and CK2a-4E-HA) or nonphosphorylatable
mutant CK2a (CK2a-4A-HA). Proliferation curves showed
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decreased growth in all three lines compared with the expres-
sion of CK2a-HA, with particular defects shown in the phos-
phomimetic cell lines. Subsequent cell cycle analysis showed
sub-G; cells upon phosphomimetic CK2a expression, indicat-
ing that mitotic cells were dying in a cell cycle-dependent
manner. Upon CK2a-4D-HA or CK2a-4E-HA expression, mi-
totic cells undergo mitotic catastrophe, a type of cell death that
occurs in mitosis due to a deficiency in cell cycle checkpoint
control or cellular damage (6). This may serve as a mechanism
to eliminate cells that, if permitted to progress through mitosis,
would result in aneuploid daughter cells. The stimulus for
induction of mitotic catastrophe may be the centrosomal am-
plification observed in phosphomimetic protein-expressing
cells, leading to aberrant spindle formation and chromosomal
missegregation. Similar results have recently been observed in
Drosophila melanogaster, as silencing of the Cklla gene by
RNA interference causes mitotic abnormalities, including cen-
trosome abnormalities and lagging chromatids (3). In mamma-
lian cells, CK2 has been shown to colocalize with the centro-
somes (10, 30) and mitotic spindle (18, 46), and many
components of the mitotic machinery interact with and/or are
substrates of CK2, including B-tubulin, microtubule-associated
proteins 1A and 1B, Tau, condensin, and protein phosphatase
2A (2, 11, 15, 39). Recent proteomic investigations have iden-
tified CK2 as a component of both the centrosome and the
spindle midbody (1, 38). Phosphoproteomic analysis of mitotic
spindles recently identified a number of possible CK2 sub-
strates, including both known CK2 substrates such as topo-
isomerase Il and HSP-90 and novel substrates such as septin
2, INCENP, and MAP7 (32). While the mechanism by which
aberrant CK2a phosphorylation leads to centrosomal defects is
unknown, it is clear that proper regulation ensures spindle
organization and maintains genomic integrity.

As CK2a phosphorylation occurs mainly during prophase
and metaphase, we theorize that the defects seen upon the
expression of phosphorylation site mutant CK2« proteins may
be due to loss of temporal control of phosphorylation. During
normal cell division, CK2a remains unphosphorylated until the
onset of prophase, when phosphorylation occurs. In the pres-
ence of spindle abnormalities, CK2a phosphorylation is at a
maximum. Once all chromosomes are lined up at the meta-
phase plate, CK2« is dephosphorylated as the cell enters ana-
phase and remains dephosphorylated until the next cell divi-
sion. Defects seen upon the expression of phosphorylation site
mutant CK2a proteins may represent the consequences of loss
of temporal regulation of phosphorylation. When CK2« seems
phosphorylated before the onset of prophase, decreased cen-
trosome integrity leads to abnormal spindle formation and
chromosomal missegregation. Cells expressing phosphomi-
metic CK2a also undergo mitotic catastrophe, either as a result
of these spindle abnormalities or, alternatively, when CK2a
seems to remain phosphorylated after the metaphase-ana-
phase transition. Expression of nonphosphorylatable CK2a re-
sults in loss of cell cycle arrest after spindle damage, indicating
that CK2a phosphorylation plays a role in maintaining the
SAC. This result was particularly interesting. Cells expressing
CK2a-4A-HA did not display dramatic mitotic defects, show-
ing only a slight decrease in proliferation compared to cells
expressing wild-type CK2«. This corresponds well to the find-
ing that not all CK2« seems to be phosphorylated in a normally
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experiments. Error bars indicate 1 standard deviation from the mean.

dividing cell and indicates that only a subset of CK2«a needs to
be modified to fulfill its mitotic purposes. However, upon treat-
ment of cells with nocodazole, when CK2a phosphorylation is
at maximum levels, expression of nonphosphorylatable CK2a
neutralizes the activated SAC, allowing cells to progress
through mitosis even in the presence of endogenous phosphor-
ylated CK2a. The involvement of CK2 in SAC signaling has

been previously demonstrated, as depletion of CK2 activity
compromises SAC arrest after nocodazole treatment (37).
However, the role of CK2a phosphorylation has not been
examined.

Interestingly, expression of phosphorylation site mutant
CK2a proteins elicits mitotic phenotypes even in the presence
of comparable amounts of endogenous CK2a. Since the mu-

visualize centrosomes) (red) and B-tubulin (to visualize microtubules) (green). DNA was stained with DAPI. (C) The percentage of mitoses with
missegregation of chromosomes was tabulated for at least 100 anaphase cells in each of three independent experiments. The error bars indicate
1 standard deviation from the mean. Significant differences between cells of each line in the presence or absence of tetracycline (Tet) are denoted

by asterisks (P > 0.05 by pairwise analysis of variance).
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TABLE 2. Cell cycle distribution of nocodazole-arrested cells
expressing phosphorylation site mutant CK2a proteins

% of cells”
Cell line and treatment

Sub-G, G, S Gy/M
CK2a-HA
Plus tetracycline 7.00 6.33 10.57 88.26
Minus tetracycline 7.01 6.04 11.50 73.50
CK2a-4D-HA
Plus tetracycline 3.89 3.13 10.88 71.80
Minus tetracycline 4.28 7.33 17.00 63.29
CK2a-4E-HA
Plus tetracycline 3.40 5.81 11.41 76.86
Minus tetracycline 492 8.91 18.84 73.59
CK2a-4A-HA
Plus tetracycline 5.24 5.57 12.37 82.64
Minus tetracycline 14.87 10.93 24.74 51.41

“ Boldface indicates significant differences between samples with and without
tetracycline (P < 0.01).

tant proteins are capable of forming complexes with Myc-
CK2B and presumably incorporate into mixed tetramers with
endogenous CK2 subunits, this suggests that phosphorylation
site mutant CK2a proteins may have a dominant effect over
endogenous, and presumably phosphorylated, CK2a. This
dominant effect may be mediated through blocking or encour-
aging phosphorylation-dependent interactions between CK2
and mitotic proteins. It seems likely that the CK2a phosphor-
ylation sites serve as a regulatory mechanism, likely through
forming an interaction site for the binding of other proteins.
This has been shown to be the case for Pinl, a cis/trans pepti-
dyl-prolyl isomerase with a number of mitotic substrates. Pinl
selectively isomerizes proline residues adjacent to phosphory-
lated serine or threonine residues (45). While C-terminal phos-
phorylation of CK2a does not affect the general kinase activity
of CK2, as measured by kinase assays with a substrate peptide,
it is plausible that phosphorylation at these sites may be im-
portant in the regulation of CK2 activity against particular
substrates, as is the case for topoisomerase Ila. The modula-
tion of CK2 kinase activity toward topoisomerase Ila is depen-
dent on Pinl binding, as a complex consisting of CK2, Pinl,
and topoisomerase Ila is formed (31). It remains unknown
whether this regulatory mechanism is involved in selective
binding and modulation of additional CK2 substrates. Re-
cently, a proteomic screen of Plkl polo box domain binding
proteins identified CK2a as a phosphorylation-dependent mi-
totic binding partner for Plk1 (28). PIk1 is a mitotic kinase with
multiple roles in mitotic progression (40). Interestingly, the
protein sequence surrounding the CK2a T344 phosphorylation
site corresponds to the consensus sequence for Plk1 polo box
domain binding (8). Further investigation of the interplay be-
tween these two mitotic kinases may reveal precise roles for
CK2a phosphorylation in mitosis.

Overall, we have shown that CK2a is phosphorylated during
mitotic progression and that these phosphorylation events do,
indeed, have a regulatory role in the process of cell division.
Substitution of these residues leads to mitotic catastrophe,
defects in centrosome amplification, and abrogation of the
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SAC. Future work will focus on the mechanisms by which
CK2a phosphorylation regulates these events. Collectively,
these results offer evidence of a role for reversible phosphory-
lation of CK2a in the control of cell division.
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